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,QWURGXFWLRQ
*ODVVPHPEHUVDQGVWUXFWXUHVDUHVSHFLILFIRUWKHLUKLJKVOHQGHUQHVV)RUWKLVUHDVRQLWLVQHFHVVDU\WRWDNHLQWR
DFFRXQWVWDELOLW\SUREOHPVZLWKLQVWDWLFGHVLJQLQJ'HVLJQPRGHOVGHYHORSHGIRUVWDQGDUGVWUXFWXUDOPDWHULDOVVXFKDV
VWHHODQGWLPEHUFDQQRWEHGLUHFWO\XVHGIRUGHVLJQRIJODVVVWUXFWXUHVEHFDXVHRIVRPHVSHFLILFDVSHFWRIWKHJODVV
EULWWOHIUDFWXUHEHKDYLRXUWLPHDQGWHPSHUDWXUHGHSHQGHQF\RIODPLQDWHGJODVVDQGVR$FWXDOO\(XURSHDQGHVLJQ
VWDQGDUGV(XURFRGHVDUHLQSURFHVVLQJGHVLJQHUVPD\XVHGUDIWYHUVLRQVRIIXWXUHILQDOFRGHVSU(1*ODVVLQ
EXLOGLQJ±'HWHUPLQDWLRQRIWKHORDGUHVLVWDQFHRIJODVVSDQHVE\FDOFXODWLRQDQGWHVWLQJRUSU(1*ODVVLQ
EXLOGLQJ±'HVLJQRIJODVVSDQHV±3DUW*HQHUDOEDVLVRIGHVLJQ6WDWLFGHVLJQRIJODVVVWUXFWXUHVLQFOXGLQJVWDELOLW\
SUREOHPVRIJODVVFROXPQVEHDPVDQGEHDPFROXPQV LV WRSLFRIZRUNRI+DOGLPDQQHWDO >@%HOLVHWDO >@RU
$PDGLRDQG%HGRQ>@

1RPHQFODWXUH
$1* DQQHDOHGJODVV
)7* IXOO\WHPSHUHGJODVV
9* ODPLQDWHGJODVVYHUEXQGJODV
(6* IXOO\WHPSHUHGJODVVHLQVFKHLEHQVLFKHUKHLWVJODV±ZLWKRXWODPLQDWLQJ
96* ODPLQDWHGVDIHW\JODVVYHUEXQGVLFKHUKHLWVJODVJODV

([SHULPHQWDOHYDOXDWLRQRIEXFNOLQJVWUHQJWK
2.1. Specimens 
:LWKLQWKHIUDPHRIWKHUHVHDUFKVSHFLPHQVZHUHWHVWHG$OORIWKHPZHUHRIWKHVDPHJHRPHWU\OHQJWK
PPZLGWKPPDQGWKLFNQHVVRUVXPRIJODVVSDQHVWKLFNQHVVLQWKHFDVHRIODPLQDWHGJODVVPPEXWKDG
GLIIHUHQWFRPSRVLWLRQ±PRQROLWKLFJODVVRUODPLQDWHGGRXEOHRUWULSOHJODVVPDGHRIDQQHDOHGRUIXOO\WHPSHUHGJODVV
SDQHVERQGHGWRJHWKHUE\39%RU(9$6$)(IRLO7KHVSHFLPHQVDUHOLVWHGLQ7DEOH,QWKHWDEOH)7*PHDQVIXOO\
WHPSHUHGJODVVDQG$1*PHDQVDQQHDOHGJODVV
6SHFLPHQ JHRPHWU\ ZDV FKRVHQ VR WKDW WKLQZDOOHG WKLQZDOOHG LQ WHUPV RI VWUXFWXUDO PHFKDQLFV QRW VWHHO
VWUXFWXUHVURGFRQGLWLRQZDVIXOILOOHG9ODVRY>@GHILQHGDWKLQZDOOHGURGVE\FRQGLWLRQ/EW ZKHUH
/LVOHQJWKRIWKHURGELVFKDUDFWHULVWLFGLPHQVLRQRIWKHFURVVVHFWLRQDQGWLVWKHZDOOWKLFNQHVVRIWKHFURVVVHFWLRQ
7DEOH/LVWRIVSHFLPHQV
6SHFLPHQ 'HVLJQDWLRQ 'HVFULSWLRQ *ODVV )RLO 3LHFHV
7±7 (6* 6DIHW\JODVV )7*  
7±7 9* /DPLQDWHGJODVV $1* 39% 
7±7 96* /DPLQDWHGVDIHW\GRXEOHJODVV )7* (9$6$)( 
7±7 96* /DPLQDWHGVDIHW\WULSOHJODVV $1* (9$6$)( 
2.2. Test set-up 
+LQJHGVXSSRUWVZHUHHQVXUHGE\VWHHOFRXOWHUVILWWHGRQERWKHQGVRIVSHFLPHQ&RXOWHUZDVHTXLSSHGZLWKFXWWLQJ
HGJHZKLFKILWVLQWRWKHFRQLFDOQRWFKRIWKHEHDULQJSODWH±VHH)LJE7LPEHUSDGVVLWXDWHGEHWZHHQVWHHOFRXOWHU
DQGWKHJODVVVSHFLPHQDYRLGHGGLUHFWFRQWDFWRI WKHVWHHODQGWKHJODVVZKLFKPD\FDXVHDIDLOXUHE\ORFDOVWUHVV
FRQFHQWUDWLRQVLQFRQWDFWV
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  
)LJDWHVWVHWXSEGHWDLORIKLQJHGVXSSRUWFGHVWUR\HGVSHFLPHQ
7KHVSHFLPHQZDVSODFHGLQDVWHHOIUDPHFRQVLVWLQJRIVWHHOJLUGHUVDQGFROXPQV/RDGLQJIRUFHZDVJHQHUDWHGE\
PDQXDOO\RSHUDWHGK\GUDXOLFSUHVV7HVWVHWXSLVSORWWHGLQ)LJD/RDGLQJIRUFHYHUWLFDOGHIOHFWLRQDQGKRUL]RQWDO
ODWHUDO GHIOHFWLRQ DW PLGVSDQ ZHUH PHDVXUHG ZLWKLQ WHVWLQJ XVLQJ IRUFH WUDQVGXFHU /9'7 DQG ZLUH VHQVRU
UHVSHFWLYHO\1RUPDOVWUHVVHVDWPLGVSDQZHUHPHDVXUHGDWVHOHFWHGVSHFLPHQVXVLQJVWUDLQJDXJHVJOXHGWRVDQGHG
JODVV6FKHPHRIPHDVXULQJGHYLFHVLVSORWWHGLQ)LJD

  
)LJDVFKHPHRIPHDVXULQJGHYLFHV   EW\SLFDOFUDFNSDWWHUQV
7HVWHG VSHFLPHQV ZHUH ORDGHG E\ VWDWLF IRUFH DQG ORDGLQJ UDWH ZDV GHWHUPLQHG E\ WKH SUHVV F\OLQGHU SXOO
DSSUR[LPDWHO\PPV
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5HVXOWV
3.1. Failure mechanism 
$OORIWKHVSHFLPHQVZHUHGHVWUR\HGE\EULWWOHIUDFWXUH7\SLFDOFUDFNSDWWHUQVDUHSORWWHGLQ)LJEIRUODPLQDWHG
GRXEOHJODVV9*VDIHW\ODPLQDWHGGRXEOHJODVV96*DQGVDIHW\ODPLQDWHGWULSOHJODVV96*



)LJ)RUFH±GHIOHFWLRQVFXUYHVDQGIRUFH±VWUHVVFXUYHV
560   Ondřej Pešek et al. /  Procedia Engineering  161 ( 2016 )  556 – 562 
7KHVSHFLPHQV9*ZHUHGHVWUR\HGE\IUDFWXUHRIERWKJODVVSDQHVWKHVSHFLPHQV96*ZHUHGHVWUR\HGE\
IUDFWXUHRIRQHJODVVSDQHDQGWKHVSHFLPHQV96*ZHUHGHVWUR\HGE\IUDFWXUHRIRQHRUWZRJODVVSDQHV,Q
)LJFGHVWUR\HGVSHFLPHQLVSORWWHG
3.2. Buckling strength and stress 
)RUFHODWHUDO GHIOHFWLRQ FXUYHV DQG IRUFHQRUPDO VWUHVV FXUYHV DUH SORWWHG LQ JUDSKV LQ )LJ  )RUFHODWHUDO
GHIOHFWLRQQRUPDOVWUHVVFXUYHVIRUDOOWKHVSHFLPHQVZLWKWKHH[FHSWLRQVRIODPLQDWHGGRXEOHJODVVZLWKXVRI39%
IRLO9*KDYHDQLQFUHDVLQJWHQGHQF\IURP]HURXSWRIDLOXUH±LWPHDQVWKDW WKHWHVWHGVSHFLPHQZDVVRPH
HODVWLFPDWHULDO>@7KHVSHFLPHQZLWK39%IRLOKDVFXUYHVZLWKGHFUHDVLQJWHQGHQF\IURPWKHSRLQWRIPD[LPDOORDG
±LWLVFKDUDFWHULVWLFIRUHODVWLFSODVWLFPDWHULDOV3ODVWLFEHKDYLRXULVFDXVHGE\39%IRLOZKLFKKDVORZVKHDUPRGXOXV
DWORQJHUORDGGXUDWLRQ
3.3. Equivalent imperfections and critical forces 
,Q7DEOHHTXLYDOHQWLQLWLDOJHRPHWULFDOLPSHUIHFWLRQVDQGFULWLFDOIRUFHVLVFDOFXODWHGXVLQJ6RXWKZHOO¶VPHWKRG
7DEOH6RXWKZHOO¶VPHWKRGHYDOXDWLRQ
6SHFLPHQ
HHNY WHIIH[SPHDQ WHIIWKHRU\ HUURUH[S 1FUH[SPHDQ 1FUWKHRU\ HUURUH[S
>PP@ >PP@ >PP@ >@ >N1@ >N1@ >@
(6*         
9*         
96*
  
     
  
96*         

3.4. Characteristic and design buckling resistance according to the EN 1990 
(1DSSHQGL['SURYLGHVFDOFXODWLQJPHWKRGWRGHWHUPLQHFKDUDFWHULVWLFYDOXHTXDQWLOHDQGGHVLJQYDOXH
TXDQWLOHIRUQRUPDORUORJQRUPDOVWDWLVWLFDOGLVWULEXWLRQRIH[SHULPHQWDOO\GHWHUPLQHGYDOXH7DESURYLGHV
UHVXOWLQJYDOXHVXVLQJWKLVDSSURDFK
7DEOH&KDUDFWHULVWLFDQGGHVLJQYDOXHVRIEXFNOLQJUHVLVWDQFHV
%XFNOLQJUHVLVWDQFH 0HWKRG (6* 9* 96* 96*
&KDUDFWHULVWLFYDOXH
H[SHULPHQW(1±DQQH['    
EXFNOLQJFXUYH    
VHFRQGRUGHUWKHRU\(1    
'HVLJQYDOXH
H[SHULPHQW(1±DQQH['    
EXFNOLQJFXUYH    
VHFRQGRUGHUWKHRU\(1    

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3.5. Buckling resistance according to the buckling curves  
&DOFXODWLQJPHWKRG IRU GHWHUPLQLQJ EXFNOLQJ UHVLVWDQFH RI JODVV FROXPQVZDV GHULYHG IURPPHWKRG IRUPHWDO
VWUXFWXUHV±EXFNOLQJFXUYHVDSSURDFK%XFNOLQJUHVLVWDQFH
effdgRdb AfN   F   
ZKHUHUHGXFWLRQIDFWRUȤDQGQRQGLPHQVLRQDOSDUDPHWHUĭDUH

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&KDUDFWHULVWLFDQGGHVLJQYDOHVRIEXFNOLQJUHVLVWDQFHDFFRUGLQJEXFNOLQJFXUYHVDSSURDFKDUHOLVWHGLQ7DE$
FRPSDULVRQRIWKHRUHWLFDOUHVXOWVDQGH[SHULPHQWVLVSORWWHGLQ)LJ
3.6. Buckling resistance according to the second order theory  
7KLVPHWKRGLVEDVHGRQJHRPHWULFDOO\QRQOLQHDUHODVWLFDQDO\VLVZLWKLPSHUIHFWLRQV*1,$8OWLPDWHOLPLWVWDWH
LVDWWDLQHGZKHQQRUPDOVWUHVVDWH[WUHPHILEHUVRIFURVVVHFWLRQUHDFKHVWRXOWLPDWHWHQVLOHVWUHQJWKRIJODVV1RUPDO
VWUHVVFRXOGEHFDOFXODWHGDFFRUGLQJHTXDWLRQZKHUHZLVDPSOLWXGHRIHTXLYDOHQWJHRPHWULFDOLQLWLDOLPSHUIHFWLRQ
LQWKLVFDVHFDOFXODWHGDFFRUGLQJWRWKH6RXWKZHOO¶VPHWKRG5HVXOWVDUHOLVWHGLQ7DE
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
)LJDUHGXFWLRQIDFWRUDQGEXFNOLQJIDFWRUFRPSDULVRQEEXFNOLQJUHVLVWDQFHFRPSDULVRQ
&RQFOXVLRQV
7KLVSDSHUVXPPDUL]HVWKHH[SHULPHQWDOYHULILFDWLRQRIIOH[XUDOEXFNOLQJUHVLVWDQFHVRIVWUXFWXUDOJODVVFROXPQV
5HVXOWVDOHFRPSDUHGZLWKWKHFDOFXODWLRQRIVXFKUHVLVWDQFHDFFRUGLQJWRGHVLJQSURFHGXUHOLVWHGLQ(XURSHDQVWDQGDUG
(1XVLQJPRGLILHGEXFNOLQJFXUYHV7KHUHVXOWVRIWKHH[SHULPHQWDOYHULILFDWLRQVKRZUHOLDEOHGHVLJQRI
JODVVFROXPQVEDVHGRQWKH(&EXFNOLQJFXUYHVGHVLJQSURFHGXUHV

$FNQRZOHGJHPHQWV
7KLVSDSHUKDVEHHQHODERUDWHGZLWKLQWKHVXSSRUWRIWKH3URMHFWVRI&]HFK0LQLVWU\RI(GXFDWLRQ<RXWKDQGVSRUWV
1R)$676

5HIHUHQFHV
>@9ODVRY9=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